Clinically, autologous gastrointestinal segments are traditionally used for urinary diversion. However, this procedure often causes many serious complications. Tissue engineering may provide an alternative treatment method in urinary diversion. This research aims to produce tissue-engineered tubular substitutions by using homologous adipose-derived stem cells, smooth muscle cells, and bladder acellular matrix in developing urinary diversion in a rabbit model. Adipose-derived stem cells and smooth muscle cells of rabbit were obtained and cultured in vitro. These cultured adipose-derived stem cells and smooth muscle cells were seeded onto the two sides of the bladder acellular matrix and then incubated for seven days. The cell-seeded matrix was used to build tissue-engineered tubular substitutions, which were then implanted and wrapped into the omentum in vivo for two weeks to promote angiogenesis. In the experimental group, the bladder of 20 rabbits was totally resected, and the above tissue-engineered tubular substitutions were used for urinary diversion. In the control group, bladder acellular matrix tubular substitutions with unseeded cells were implanted into the omentum and were used as urinary diversion on another five rabbits with the same process. The implants were harvested, and histological examination was conducted at 2, 4, 8, and 16 weeks after operation. Intravenous urography assessment was performed at 16 weeks postoperatively. All the rabbits were alive in the experimental group until they were sacrificed. Histological analysis of the construct displayed the presence of multilayer urothelial cells on the luminal side and organized smooth muscle tissue on the other side, and different diameters of neovascularization were clearly identified in the substitutions obtained. No leakage, stricture, or obstructions were noted with intravenous urography assessment. All the animals in the control group died within two weeks, and urine leakage, scar formation, and inflammation were detected through autopsy. This study demonstrates the feasibility of tissue-engineered tubular substitutions constructed using homologous adipose-derived stem cells, smooth muscle cells, and bladder acellular matrix for urinary diversion in a rabbit model.
Introduction
Congenital disorders or acquired abnormalities may result in bladder tissue damage or loss, often requiring significant surgical repair and reconstruction. Gastrointestinal segments are traditionally used as urinary reservoir or conduit for urine collection and excretion, particularly for patients suffering from bladder cancer requiring radical cystectomy. 1 Although using autologous bowels is currently the gold standard of therapy for these patients, this strategy incurs significant complications, such as twice trauma, chronic urinary tract infections, electrolyte imbalance, and mucus secretion, which severely influence the quality of life in patients. 2, 3 Thus, finding other artificial alternatives to divert urine and eliminate complications related to urinary diversion is desirable. Tissue engineering technology, as an emerging and developing research field, may offer an alternative to address numerous current therapeutic shortcomings in urinary diversion for patients who develop bladder diseases requiring radical cystectomy. Tissue engineering technology aims to utilize autologous sources of patient cells and biocompatible materials to encourage regenerative processes of new tissues and organs.
In the urinary system, the epithelium possesses specialized and unique features that act as blood-urine barrier to protect the underlying muscle tissues and extracellular space. 4 Cell seeding highlights the importance of the epithelium for successful bladder restoration and reconstruction in animals or humans. 5 However, sometimes patients with malignant bladder disease cannot acquire sufficient and safe urothelial cells. Hence, stem cells derived from autologous patients for tissue repair and reconstruction are promising as novel sources of seeding cells. Adipose-derived stem cells (ADSCs), which extensively exist in adipose tissues and are harvested with no trauma risk, possess self-renewal and multidirectional differentiation abilities. Therefore, ADSCs are considered to have the potential for bladder tissue regeneration. Recent studies have shown that ADSCs can differentiate into epithelial cells, and after co-culture with urothelial cells, ADSCs can detect the expression of urothelial-specific protein-uroplakin Ib and uroplakin II. 6, 7 In addition, ADSCs contain secretory protein groups and can release various growth factors, which may accelerate vascularization of ischemic tissues. 8 Bladder acellular matrix (BAM) is a kind of natural tissue engineering scaffold material obtained through mechanical and chemical methods to remove the cell ingredients of the bladder tissue, leaving bioactive components of extracellular matrix. BAM has excellent biocompatibility and physical performance. After decellularization, BAM can save numerous endogenous growth factors on the surface, such as the basic fibroblast growth factor, vascular endothelial growth factor, and transforming growth factor beta. These growth factors are conducive to cell adhesion, migration, and proliferation. 9 Lack of sufficient blood supply caused by inflammatory response triggered by transplanted graft often leads to ischemia and extensive fibrosis. 10 Therefore, adequate blood supplement is one of the necessary conditions for grafting. The omentum is considered as an excellent biological incubator, promoting neovascularization in vivo. 11 In this study, we isolated and cultivated ADSCs and smooth muscle cells (SMCs) of the bladder of rabbits in vitro. Next, ADSCs and SMCs were seeded onto the two sides of the BAM to build tissue-engineered tubular substitutions (TETSs). The TETSs were then transferred and incubated into the omentum of the rabbits for two weeks in vivo. We also attempted to research the feasibility of TETSs as transplant used in urinary diversion after radical cystectomy of a rabbit model.
Materials and methods

Animals
All animal handling and procedures were operated according to the guidelines of the Institute of Laboratory Animal Resources in Wuhan University. This project was examined and approved by the Laboratory Animal Ethics Committee of the Medical Department of Wuhan University. New Zealand white rabbits (male, 2.0-2.5 kg) obtained from the Experimental Animal Center of Wuhan University were housed in the Medical Department of Wuhan University Animal Care Facility under conventional conditions, with free access to drinks and food.
Isolation and culture of ADSCs and SMCs
ADSCs were isolated from subcutaneous adipose tissues of the New Zealand white rabbits. Approximately 10 g of adipose tissues was obtained from the inguinal subcutaneous site under anesthesia and collected in phosphate-buffered saline (PBS) with antibiotics. ADSCs were harvested through the collagenase digestion method. The adipose tissues were washed three times in PBS, thoroughly minced, and then transferred into 0.1% type I collagenase at 37 C for digestion for 1 h. The enzyme digestion process was terminated using Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 150 U/mL penicillin, and 150 U/mL streptomycin. The solution was centrifuged at 805 g for 10 min. The cell pellets at the bottom of the centrifuge tube were resuspended using the above configured DMEM and then inoculated in a 10-cm diameter Petri dish at 37 C with 5% CO 2 . After 24 h, the DMEM was renewed to remove the non-adherent cells and residual red blood cells. In the following incubation, the DMEM was changed every three days, and passage 3-5 cells were used for the next planting experiments.
The isolation and culture of the bladder SMCs were referenced to the previous method called tissue-explant technique. 12 Ten New Zealand white rabbits received partial cystectomy, and muscle biopsies were harvested from the bladder wall. Primary cells were obtained by explanting muscle tissues in 10 cm diameter Petri dish using DMEM plus 10% FBS at 5% CO 2 and 37 C condition. The muscle cells expanded for seven days, and sufficient cells were digested, washed, and inoculated into a new Petri dish. In addition, passage 3-5 SMCs were used for the following plantation.
Identification of ADSCs and SMCs
Flow cytometry analysis was performed to determine the phenotypic characteristic of stem cell molecular markers on the ADSCs. The passage 3 ADSCs expanded approximately 2 Â 10 6 cells, digested, and then incubated in 100 ml of PBS containing 10 ml of monoclonal mouse anti-rabbit primary antibodies integrated with fluorescein isothiocyanate for 45 min under 4 C and dark condition. After washing in PBS twice, the cells were resuspended in 500 ml of PBS and analyzed using a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Primary antibodies for CD90, CD44, CD34, and CD45 were purchased from Abcam, and the data were analyzed using CellQuest software (BD Biosciences). The SMC phenotype characteristic was evaluated and identified via cell immunofluorescence staining for smooth muscle alpha actin (SMA).
Preparation of homologous BAM
Bladder specimens were obtained from 30 male New Zealand white rabbits, and the entire decellularization process was under aseptic conditions. The bladder specimens were rinsed in PBS plus 0.1% w/v EDTA and 10 KIU/ ml Trasylol to help inhibit the proteinase activity. The bladder tissues were transferred into hypotonic Tris buffer at 4 C for 24 h and then incubated in 0.1% w/v sodium dodecyl sulfate on an orbital shaker at ambient temperature for another 24 h. The bladder tissues were washed in PBS, immersed into 10 mM Tris-HCl added with 2000 Kunitz units of deoxyribonuclease I, and agitated at 37 C for 24 h. The bladder tissues were then transferred into the mixed solution with 4% sodium deoxycholate and 0.1% sodium azide and stirred at normal temperature for 24 h. This procedure was repeated twice. Finally, the bladder materials were washed three times with aseptic PBS and then sterilized with 0.1% v/v peracetic acid. The resultant material was stored in a penicillin/streptomycin solution (PH 7.2) at 4 C. Hematoxylin and eosin staining (H&E staining), Sirius Red staining, Masson's trichrome staining, and scanning electron microscope (SEM) were used to evaluate the histological structure and residual of the cellular content of the rabbit bladders, which can reveal the acellularity degree.
Seeding cells onto the BAM and producing TETSs
Passage 3-5 ADSCs were digested using trypsin into cell suspensions, which were seeded onto the BAM with a density of 2 Â 10 7 /cm 2 , and were cultivated for three days. Passage 3-5 SMCs were digested and planted onto the other side of BAM. The compound matrix was cultured in DMEM for one week, and the medium was refreshed daily. The cellular proliferation status on the compound matrix was then evaluated via H&E staining and SEM. With ADSCs made on the lumen surface, the compound matrix surrounded an 8 F guiding catheter and was tailored into 4 cm in length to produce TETSs.
Transferring TETSs into the omentum of rabbits
Under general anesthesia, 20 TETSs were wrapped into the omentum of rabbits for two weeks before being used in urinary diversion. H&E staining and immunohistochemistry staining were performed on the TETSs to detect the regeneration of epithelial cells and neovascularization of tissues. Meanwhile, five BAM tubular substitutions with unseeded cells were also incubated in the omentum of the rabbits for two weeks as additional control group.
Implanting TETSs into the rabbits for urinary diversion
In the experimental group, the rabbits received 3% sodium pentobarbital for anesthesia, and a small abdominal longitudinal incision along the midline was made above the symphysis pubis. After revealing the bladder and identifying the bilateral ureter, the bladder was totally resected. The urethra was then seamed, and the bilateral ureters were anastomosed onto the TETSs in a simple continuous pattern. The TETSs passed through the peritoneum and were embedded into the peritoneum, ending in the abdominal wall stoma. Finally, the distal TETSs were anastomosed in the site of the abdominal wall stoma using a catheter placed in the stoma for one week to drain the urine flowing out of the body. In the control group, BAM tubular substitutions with unseeded cells were implanted into another five rabbits via the same process.
Histologic analysis and intravenous urography assessment
Five rabbits from each experimental group were euthanized 2, 4, 8, and 16 weeks after transplantation, and the embedded TETSs were harvested for histologic analysis. Another five rabbits that served as the control group were also analyzed for the histologic appearance. After 10% formalin fixing and paraffin embedding, a 5 -mm-thick tissue section was made for H&E and immunohistochemical staining methods. Epidermal cell layers were assessed via immunohistochemistry using antibody to cytokeratin AE1/ AE3, zonula occludens-1 (ZO-1), and uroplakin IIIa.
Smooth muscle and neovascularization were identified through immunohistochemistry for the a-SMA and CD31 monoclonal antibodies. Intravenous urography assessment was performed to survey the imaging of the kidney, ureter, and TETSs 16 weeks postoperation.
Results
Morphological characterization and identification of cells
ADSCs were successfully isolated from rabbit adipose tissue, and the primary cells showed typical spindle fibroblast-like characteristics (Figure 1 (a) and (b)). To characterize the ADSC population, we examined the phenotypic characteristics of mesenchymal stem cells via flow cytometry analysis. Expanded cells were detected with high-level expression of CD90 (99.98%) and CD44 (99.94%), but without significant expression of CD34 (2.73%) and CD45 (2.55%). This result is in accordance with previous literature about the characteristics of ADSC phenotypic markers (Figure 1(c)-(f) ).
For the SMCs, after three days of primary culture, the cells proliferated on the surfaces of Petri dish and reached about 30% confluence (Figure 2(a) ). The cells reached 80%-90% confluence in seven days and showed a classic spindle-shaped morphology under an optical microscope (Figure 2(b) ). In addition, immunofluorescence staining for cells displayed a-SMA-positive in the cytoplast (Figure 2(c) ).
Characteristics of BAM and matrix with seeded cells
After the cells were removed, BAM presented a translucent film appearance (Figure 3(a) ). Compared with native bladder, H&E staining, Masson's trichrome staining, Sirius Red staining, and SEM showed that no cells adhered on the matrices (Figure 3 (b)-(e)). After seeding and incubating the ADSCs and SMCs onto the BAM for seven days in DMEM, H&E staining and SEM of the composites revealed that the ADSCs and SMCs fused well on the two aspects of BAM (Figure 4(a)-(d) ).
Regeneration of epithelium and neovascularization after omental incubation
After being wrapped in the omentum for two weeks, the TETSs can be detected with a one-layer epithelium structure via H&E staining and anti-AE1/AE3 immunohistochemistry staining, and neovascularization via anti-CD31 and anti-a-SMA immunohistochemical evaluation ( Figure 5(a) , (c), (e), and (f)). However, no obvious epithelium structures were found in the unseeded BAM substitutions (Figure 5(b) and (d) ). 
Histological and intravenous urography evaluation
In the experimental group, all the animals survived until they were sacrificed. The histological features of the implanted composites were as follows. At two weeks after transplantation, H&E staining revealed a thin polarized structure with epithelium covering the luminal aspect of the tubular transplants ( Figure 6(a) ), and at four weeks, the transitional epithelial cell layer thickened ( Figure 6(b) ). Eventually, at 8 and 16 weeks of implantation, the number of layers of the TETSs in both experimental groups continuously increased and a multilayer uroepithelium-like lining covered the lumen of the tubular grafts ( Figure 6(c) and (d) ). Immunohistochemical studies confirmed that the urothelial cells of the construct luminal sides were positively obtained with anti-AE1/AE3 ( Figure 6 (e)-(h)), anti-uroplakin IIIa (Figure 6 (i)-(l)), and anti-ZO-1 antibodies (Figure 6 (m)-(p)). At 16 weeks, all the TETSs showed that the SMCs were positively stained with the anti-a-SMA antibody (Figure 7(a) ) and displayed well-developed revascularization, which was stained positively with anti-CD31 and anti-a-SMA antibodies (Figure 7(b) and (c) ). In addition, intravenous urography revealed that the urinary tract was unblocked and that no leakage, stricture, or obstruction occurred in the TETSs and ureter (Figure 8 ). By contrast, in the control group, the five animals with unseeded BAM substitutions died within two weeks after urinary diversion. The autopsy of these rabbits showed urine leakage out of tubular transplants accompanied with evident inflammatory reaction, gross damage, and scar formation.
Discussion
Congenital and acquired bladder pathologies, such as ectopocystis, neurogenic bladder, and muscle-invasive bladder cancer, routinely require cystoplasty. Clinically, ileal conduit, ureteral skin stoma, and orthotopic neobladder are the three main surgical diversion procedures currently used. Employing autologous intestine segments is the gold standard of bladder reconstruction treatment. However, this strategy is associated with early and longterm complications, including bowel resection and anastomosis, urolithiasis, excessive mucous production, bowel obstruction, metabolic abnormalities, and secondary malignancies. 13, 14 Tissue engineering may provide a novel method for urinary diversion without intestine substitution.
Two main tissue engineering techniques serve as viable options to reconstruct urinary organs, including acellular matrix alone and acellular matrix seeded with cells. Both techniques are potential alternatives for tissue-engineered tissues or organs in various animal models. However, the primary drawbacks of unseeded acellular matrix method include inflammation and failure of the implanted matrix precipitated by direct contact to the cytotoxic urine environment after transplantation. By contrast, cell-seeded matrix displays important advantages and avoids the above shortcomings in urological regeneration. Yuan et al. 15 seeded human umbilical mesenchymal stem cells (HUMSCs) onto the BAM and demonstrated the feasibility of bladder reconstruction in a canine model. By comparing HUMSC-BAM in the experimental group and unseeded-BAMG in the control group, the authors found through immunohistochemistry staining that the seeded matrix better supports the formation of a multilayered urothelium and a well-developed smooth muscle at 12 weeks. Orabi et al. 16 seeded autologous bladder epithelial and SMCs onto preconfigured tubular acellular matrices to repair a long segment defect of the urethra in a canine model, and tubularized constructs without seeded cells served as the control group. After CT urethrograms and histology assessment at predetermined time points, the authors observed that cell-seeded tubularized matrices can reestablish long urethral defects, whereas acellular collagen matrices alone cause poor tissue development and formation of strictures.
In the urinary system, urothelium is important and serves many functions within the urinary tract, which can shield the acellular matrix and newly formed tissues from the cytotoxin effects of urine, and serve as a crucial barrier to prevent urinary tract infection. 17 Urothelial cells perform many critical functions that require specialized features of components called apical plasma membrane and tight junctions. 18 Proper barrier function of urothelial cells depends on the precise formation of apical plasma membrane, which contains lipid composition and epithelium-specific glycoproteins called uroplakins. 19 The uroplakins of all mammalian urothelium comprise four major subunits, namely, uroplakins Ia and Ib, uroplakin II, and uroplakin IIIa, which synthesize a unique crystalline 2D tetramer of 16-nm particles. 19 Uroplakins, which are integral membrane proteins and integrated into plaques that possess a special shield to water and toxic molecules in urine, are synthesized in large numbers only by urothelial cells of terminally differentiated stage. Hence, uroplakins can be perceived as major differentiation markers of urothelial cells. 20 Tight junction protein ZO-1 serves as another important constituent to maintain the high-resistance urothelial barrier. 21 ZO-1 is regarded as multidomain scaffolding proteins that interlink the tight junction, a membrane-associated complex that controls the transport of ions, macromolecules, and immune cells. 22 However, for many patients with urological malignancy or extensive tissue and organ damage, organ biopsy cannot yield enough safe or sufficient cells for expansion and transplantation. Under such conditions, scholars should seek other cell sources for urinary tissue engineering. In recent years, homologous stem cells have attracted investigators' attention and have gradually become an ideal origin of transplantation cells for urinary system tissue engineering. Among numerous stem cells, ADSCs, which are harvested abundantly and leave less trauma to the donor site, attract more attention and serve as potential alternative seeding cell resources for tissue-engineered urinary diversion. 23 Several researchers found that ADSCs can potentially differentiate into epithelial lineage through induction of contributing factors. 6, 24 Some scholars have reported that rabbit ADSCs can be induced toward epithelial differentiation with a 3D culture system in vitro. The induced ADSCs present a stratified epithelial-like morphology and express epithelial specific proteins. 25 Through follow-up study, scholars confirmed that epithelial-differentiated rabbit ADSCs can be used as potential substitute of urothelial cells for urethral tissue engineering. 26 In addition, Zhang et al. 27 incubated ADSCs in a conditioned medium and in a Transwell co-culture system with an immortalized urothelial cell line in vitro; they confirmed that ADSCs can potentially be differentiated toward urothelium-like cell lines. Given the aforementioned striking features, in the present study, we selected ADSCs as the seeded cell source to accelerate the epithelialization of conduits. ADSCs could differentiate into urothelial cell lineages, with the expression of urothelial-specific proteins confirmed via immunohistochemical assessment.
Optimal scaffolds for urinary diversion require biocompatibility to support cell adhesion, proliferation, and differentiation, as well as possess a certain intensity to sustain the shape of tissue-engineered grafts, but they do not induce a detrimental host toxic and inflammatory response after transplantation. Naturally derived biomaterials and synthetic materials are explored as urinary diversion substitutes. Synthetic materials possess excellent mechanical strength and can be tailored and fabricated with specific mechanical properties, including elasticity, porosity, and degradation rate. However, the lack of cytokines and growth factors that support and induce the growth and differentiation of cells restricts these synthetic polymers. 28 By contrast, at least 10 growth factors, including VEGF, BMP4, PDGF-BB, KGF, TGFbeta1, IGF, bFGF, EGF, and TGFalpha were found to be preserved in the BAM. 9 These active proteins can provide an excellent microenvironment to orchestrate growth, migration, proliferation, and differentiation of cells. 9 Meanwhile, BAM preserves a porous 3D structure that can support a maximal regeneration property. 29 In our study, BAM served as a scaffold to construct TETSs. Expectedly, BAM displayed excellent cell biocompatibility. Davis et al. 30 seeded human urothelial cells (HUCs) on porcine small intestinal submucosa (SIS) and BAM. They found that BAM demonstrates significantly greater HUC viability and proliferative ability compared with SIS. These findings all demonstrate that BAM has high regenerative potential for cells and tissues. Moreover, the findings suggest that BAM can be applied as a type of ''off the shelf'' scaffold material to load seeding cells for graft production, eventually hoping to promote host tissue regeneration.
A significant limitation that hampers the development of tissue engineering is fibrosis of the construct, which may be mainly caused by microvascular ischemia. Therefore, developing alternative methods to quickly revascularize TETSs is essential. Many researchers have previously developed a method to effectively improve the vascularization for tissue engineering grafts, which is a strategy known as wrapping transplants with the omentum. 11, 31, 32 This strategy is also verified in this study. In this research, we used omental prewrapping as an in vivo bioreactor to promote neovascularization of TETSs. After two weeks, the formation degree of epithelial structure and neovascularization in the experimental group was evidently higher than that in the control group.
In addition, in this study, intravenous urography demonstrated no hydroureteronephrosis, urine leakage, stricture, or obstruction in the urinary tract at 16 weeks. This result indicates that TETSs applied to urinary diversion can be responsible for the functional urine drainage effect.
In summary, the results presented in this study showed the feasibility of constructing TETSs using ADSCs, SMCs, and BAM for urinary diversion in a rabbit model. Histological evaluations demonstrated multilayered urothelial cells lining the luminal aspect of the graft. These cells are important in restoring the blood-urine barrier creating a urine-free environment for the subsequent remainder of tissue regeneration. SMCs proliferated and formed a corresponding muscular layer externally. Furthermore, the omentum could serve as an excellent bioreactor to promote neovascularization and regeneration of tissues in vivo. TETSs may become an emerging tissueengineered apparatus for urinary diversion. 
